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• The PAH concentrations in the PRE have
decreased by 50 % from 2011 to 2019.

• The predominant source has changed
from petroleum to traffic emission.

• The deposition flux has decreased
203.39 ng cm−2 yr−1 in nearly decade.

• The PAH changes in PRE sediment reflect
the local energy structure transformation.
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Variations in the distribution, source composition, mass inventory and burial flux of polycyclic aromatic hydrocarbons
(PAHs) in surface sediments from the Pearl River Estuary (PRE) collected in 2011 and 2019 were analyzed to investi-
gate the influence of the anthropogenic activities. Total concentrations of 16 priority PAHs in 2019 (200.40 ±
188.86 ng g−1 dry weight on average) were at the medium level among global bays/estuaries/coastal areas. In
2019, PAH concentrations have decreased by about 50% compared to 2011 and the dominant composition has
changed from low- to high-molecular-weight PAHs. The qualitative and quantitative source apportionment analysis
indicates that the dominant source of PAHs has shifted from petroleum (40.33%) in 2011 to traffic emission
(44.17%) in 2019. The source variation in the PRE can be attributed to the transformation of the energy source struc-
ture frompetrogenic to pyrogenic in the Pearl River Delta. The estimated PAHmass inventory of the top 5-cm sediment
was 38.70metric tons in 2019, which was about 41metric tons lower than that in 2011. The average deposition fluxes
have dropped from 418.91± 261.02 ng cm−2 yr−1 in 2011 to 215.52± 246.63 ng cm−2 yr−1 in 2019. The decreas-
ing PAH concentration is related to the sediment coarsening and decline of total organic carbon. These findings in the
PRE can be applied to other estuarine environments influenced by anthropogenic activities.
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1. Introduction

Estuaries are sensitive to anthropogenic impacts (Bouloubassi et al.,
2012). On one hand, estuaries are important channels through which
terrigenous materials are transported to the ocean (Nedwell et al., 1999;
Zhang et al., 2019). The large amounts of terrigenous nutrient inputs
support high biological productivity and biodiversity in estuarine areas,
which make them key system in global biogeochemical cycle; on the
other hand, estuarine environments are increasingly exposed to large
amounts of anthropogenic chemical pollutants and become an important
sink of chemical pollutants, e.g. heavy metals, excessive nutrients and
persistent organic pollutants (POPs) (Wang et al., 2017; Zhu et al., 2021).
Pollution in estuaries has become an increasing global concern for environ-
mental conservation and ecological restoration.

Polycyclic aromatic hydrocarbons (PAHs) are the major organic con-
taminants in the estuarine environment (Pintado-Herrera et al., 2017).
More than 200 PAHs are ubiquitous in various environments and 16 of
them are listed as pollutants under priority control by the United States
Environmental Protection Agency (USEPA) due to their high toxicity, carci-
nogenicity, mutagenicity and bioaccumulation property (USEPA, 1992).
PAHs are mainly derived from anthropogenic sources such as incomplete
combustion of biological organic matter and fossil fuel, traffic emission
and ship spill (Neff, 1979; Wang et al., 2017; Li et al., 2021a). As a result
of the intensified human activities, PAHs emissions are significantly higher
at present than in the preindustrial era (Vila-Costa et al., 2020). Anthropo-
genic PAHs enter the estuaries and coastal regions mainly via river input
and atmospheric deposition and can easily bind to sediments due to their
hydrophobicity. PAH deposition fate in estuaries could be impacted by
sedimentary properties such as grain size, total organic carbon (TOC) and
deposition rate (Wang et al., 2017, Huang et al., 2021a, 2021b). Therefore,
PAHs distributions pattern and their burial fate in estuarine sediments
could not only indicate the change in sedimentary environment, but also
be regarded as a good indication of anthropogenic impacts (Kanwischer
et al., 2020).

The Pearl River Estuary (PRE) links the vast Pearl River network and
the South China Sea with several outlets and receives material inputs
from multiple sources (Hu et al., 2011). The urbanization and industri-
alization of the Pearl River Delta (PRD) have been remarkably acceler-
ated since the implementation of China's Reform and Opening-up in
1978 (Feng and Fan, 2018; Yang et al., 2019), with significant increase
in associated environment pollution reported in the PRE (Yuan et al.,
2015; Pintado-Herrera et al., 2017). PAHs emitted from the PRD could
enter the PRE and exert long-term adverse effects on estuarine ecosys-
tem (Chen et al., 2006; Yuan et al., 2015). The PAHs mass inventories
of the surface sediment of 2012 were estimated to be about 50 tons
(Pintado-Herrera et al., 2017) and the contaminated sediments of the
PRE were regarded as an important “sink” of PAHs (Chen et al., 2006).
In addition, the all-year-round high temperature in the subtropical
PRE may enhance the global fractionation effect of volatile organic pol-
lutants (Chen et al., 2006) and thus the sediment may potentially shift
from a “sink” to “source” of PAHs to the global atmosphere. In the
past decades, PAH concentrations, sources and ecological risk of marine
sediments have been extensively investigated in the PRE (Chen et al.,
2006; Yuan et al., 2015; Pintado-Herrera et al., 2017; Li et al., 2021b).
However, most of them focused on the current pollution status and lack
trend analysis based on time series. Moreover, the rapid economic develop-
ment of Guangdong-Hong Kong-Macao Greater Bay Area (GBA) will inevi-
tably change the distribution, source and burial fate of PAHs and further
threaten the ecological safety in the PRE.

Therefore, themain goals of this studywere to (1) present a comprehen-
sive, observation-based study on the concentrations, composition, spatial
distribution and temporal changes of PAHs in sediments of the PRE,
(2) quantify the contributions of different PAH sources and their nearly-
decadal changes in response to anthropogenic activities, (3) analyze the
mass inventory and deposition flux of PAHs in sediments, and (4) explore
the influence of human perturbations on PAHs fate in the PRE.
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2. Materials and methods

2.1. Study area

The Pearl River is the second largest river in China in terms of discharge
and carries large amounts of suspended particles (8.72×107 t yr−1). These
sediments enter the South China Sea from the Pearl River through 8 major
outlets (Zhu et al., 2021, Fig. 1). The PRE is the largest estuary of the Pearl
River, which receives 56.8% of the riverine sediment load through 4
eastern outlets i.e., Humen, Jiaomen, Hongqimen and Hengmen (Zhang
andHuang, 2005). The funnel-shaped PRE is topographically characterized
by 2 channels (the West and East Channels, with depths of >10 m and
5–15 m, respectively) and 3 shoals (the West, Middle and East Shoals, all
with depths <5 m, Fig. 1, Zhang et al., 2019).

2.2. Sample collection and analysis

A total of 26 surface sediment samples (0–5 cm depth) were collected
from the PRE in both August 2011 and September 2019 using stainless
steel grab (Fig. S1 and Fig. 1). The sampling of sediment was described in
more detail in Yuan et al. (2015). All sediments were sealed in plastic
bags immediately and stored in freezer at −20 °C until further treatment.
Sediment samples were firstly homogenized and freeze-dried. PAHs in
sediment were extractedwith the Soxhlet extractionmethod. The extracted
liquid was first purified by a chromatographic column, then condensed
with rotary evaporator and further concentrated to 1 mL with a gentle ni-
trogen flow. Detailed procedure for sediment pre-treatment can be found
in Yuan et al. (2015) and Li et al. (2021b).

In order to measure the grain size, portions of the sediments were
pretreated with H2O2 solution (20%) and 15% HCl solution to scavenge
organic matter. The grain size of the samples was measured with a laser
diffraction particle size analyzer (LS13,320). Sediment samples for TOC
content detection were decalcified with 1 M HCl and dried at 60 °C. TOC
content was measured with an elemental analyzer (Vario ISOPOTE Cube-
Isoprime, Elementar). More information about the method can be found
in Huang et al. (2021a, 2021b) and Lin and Lin. (2022).

Total concentrations of 16 priority PAHs in the sediments were mea-
sured with Agilent 5977B GC/MSD (7890B GC system) using a quartz
capillary HP-5MS column (30 m × 0.25 mm × 0.25 μm film thickness,
Agilent). The 16 priority PAHs are naphthalene (Nap), acenaphthylene
(Acy), acenaphthene (Ace),fluorene (Flu), phenanthrene (Phe), anthracene
(Ant), fluoranthene (Flo), pyrene (Pyr), benzo[a]anthracene (BaA),
chrysene (Chr), benzo[b]fluoranthene (BbF), benzo[k]fluoranthene (BkF),
benzo[a]pyrene (BaP), dibenzo[ah]anthracene (DahA), benzo[ghi]
perylene (BghiP), and Indeno[123-cd]pyrene (IcdP) (USEPA, 1992).
Selected ion reaction monitoring (SIM) mode was applied for quantitative
analyses.

2.3. Quality assurance/quality control (QA/QC)

A procedural blank and duplicate sample were analyzed every 12 sam-
ples. No PAHs were detected in procedural blanks. The concentration dif-
ference between duplicate samples was <15%. External standard method
(Wang et al., 2015) was used for the quantitative analysis of every single
PAH compound with a six-point calibration curve applied. The average re-
covery of surrogate standards varied from 42.0% (for Naphthalene‑d8) to
106.5% (for Perylene-d12).

2.4. Data analysis

2.4.1. Source apportionment analysis of PAHs
Molecular diagnostic ratio (MDR) method and US-EPA positive matrix

factorization (PMF) model (version 5.0) (Yunker et al., 2002) were used
for source apportionment of PAHs in sediments.

• MDR: qualitative analysis



Fig. 1. Sample location in the Pearl River Estuary in 2019 (QAI: Qi'ao Island; NLDI: Neilingding Island; LTI: Lantau Island).
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Since PAHs generated from different sources have different component
spectra, the types of pollution sources can therefore be distinguished based
on their corresponding characteristic ratios (Yunker et al., 2002).Molecular
ratios of Flo/(Flo+Pyr) and BaA/(BaA+Chr) are often used for the PAHs
source analysis. Flo/(Flo + Pyr) ratio of <0.4, 0.4–0.5 and >0.5 indicate
source of petroleum, petroleum and combustion mixed, and combustion,
respectively; BaA/(BaA+Chr) ratios of <0.2, 0.2–0.35 and >0.35 indicate
sources of petroleum, petroleum and combustion mixed, and combustion,
respectively.

• PMF: quantitative analysis

The analytical PMFmodel includes 1) preparing concentration data and
uncertainty files, 2) running the PMF5.0 program, and 3) parsing the major
sources when the ratio of theoretical Q value (Q is the objective function of
the PMFmodel, i.e., the sum of all sample residuals and their uncertainties)
to robust Q value is in a reasonable range of 0–1.5 (Maria et al., 2018).

The equation of the PMF model can be expressed as:

Xij ¼ ∑p
k¼1Gik Fkj þ eij i ¼ 1; 2;……; n; j ¼ 1; 2;……;m; k ¼ 1;……; pð Þ ð1Þ

where Xij is the contributionmatrix of sample i×chemical component j, Fkj
is the source profile matrix of pollution source k× j, Gik is the contribution
ratematrix of i× k, n is the number of samples,m is the number of chemical
components, p is the number of major pollution sources, and eij is the resid-
ual matrix of i × j.

The PMF model combines the sum of all sample residuals and their un-
certainties as an objective function Q:

Q ¼ ∑n
i¼1∑

m
j¼1

eij
εij

� �2

(2)

where εij is the uncertainty of j in sample i. The constraint conditions of the
PMF model are that G and F are non-negative matrices. In this study, a ro-
bust model was adopted to eliminate the influence of extreme values (i.e.,
outliers) (Paatero and Tapper, 1994).
3

As for PAH source identification, previous studies indicate that Flo,
Acy, and Pyr indicate a source of coal combustion (Yunker et al.,
2002), Chr and BaA can be linked to a source of natural gas combustion
(Lin et al., 2017), the HMW PAHs (including BaA, BkF, BaP, IcdP,
DahA, and BghiP) mainly originate from incomplete combustion of
fossil fuels, BkF, BaP, BghiP, and IcdP are the products of automobile ex-
haust emissions (Yang et al., 2013), BkF and IcdP are related to diesel
combustion, and BghiP is related to gasoline combustion (Ribeiro
et al., 2012; Han et al., 2021).

The PAH spatial distribution, deposition rate, grain size and TOC con-
tent were obtained by the Kriging interpolation method by ArcGIS 10.7.
SPSS 26 was used for the Pearson correlation analysis between the PAH
concentration and grain size or TOC content in the sediments.

2.4.2. Mass inventory and deposition flux
• Mass inventory

To estimate the accumulation of PAHs in the surface sediments of the
PRE, the mass inventories (I) of PAHs were calculated as:

I ¼ ∑ kCiAidρ (3)

where k is the conversion factor,Ci is the average concentration of Σ16 PAHs
in i th region (ng g −1), Ai is the area of each sub-region (in km2), d is the
thickness of the sediment (in cm), ρ is the density of the dry sediment par-
ticles (in g cm−3, Chen et al., 2006). The sediment thickness was 5 cm. A
recommended value of 1.5 g cm−3 was selected for ρ as suggested by
Pintado-Herrera et al., (2017).

• Deposition flux

To assess the potential threat and the extent of contamination of PAHs
in sediments of the PRE, the PAHs deposition flux was calculated as (Fang
et al., 2015):

PAH deposition flux ¼ Ci � ρ� ω� 1 � ϕð Þ (4)
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where Ci is the average concentration of Σ16 PAHs in region i (ng g −1), ρ
is the density of the dry sediment particles (1.5 g cm−3), ω is the sedimen-
tation rate of each sub-region (cm yr−1, Fig. 4) andϕ is the sediment poros-
ity which is widely used as a constant of 0.672 (Wang et al., 2016). Grain
size data (n=106) were mainly from Zhang et al., (2013), and the overall
datasets of deposition rates (n = 35) were listed in Tables S3 and S4.

3. Results and discussion

3.1. Distribution patterns of PAHs in the PRE

3.1.1. Spatial and temporal variations of PAHs in 2011 and 2019
Generally, the total concentration of the 16 PAHs (Σ16 PAHs) varied

considerably among samples from 2019 (Table S1), ranging from 20.44
to 678.66 ng g−1 in dry weight (dw), with an average value of 200.40±
188.86 ng g−1 dw (Fig. 2b). The distribution of Σ16 PAHs in the PRE was
heterogeneous, with the highest concentration observed at the West
Channel between the Qi'ao Island (QAI) and Neilingding Island
(NLDI). Other hotspots with high Σ16 PAHs concentrations were at the
Humen Outlet and near the coast of Shenzhen. This is probably because
around 75.5% of the discharge at the Humen outlet is from the East and
North Rivers, which flow across the most prosperous and densely popu-
lated areas and receives large amounts of associated pollutant inputs
(Yuan et al., 2015). After exiting the Humen Outlet, most sediments
and adsorbed organic pollutants were deposited when flowing through
the West Channel due to the jacking effect of tidal currents. The concen-
tration of Σ16 PAHs was also high near the Shenzhen Bao'an Interna-
tional Airport (Fig. 2b), which can be explained by the exhaust from
aircraft fuel and pollutants from nearby petrochemical plants via atmo-
spheric deposition and riverine export.

The average concentration of Σ16 PAHs in 2011 was 437.46 ±
196.82 ng g−1 dw (159.80–897.49 ng g−1 dw), which was higher than
that in 2019 (Fig. 2a, b). In 2011, the highest concentration (of 897.49 ng
g−1) was observed at the head of the estuary near Humen Outlet, followed
by another hotspot near the southeast of Macao in the southern part of the
PRE (Fig. 2a). In general, the heavy-PAH-pollution region in the PREmoved
from the northern and southern parts in 2011 to the middle region in 2019.
Moreover, Σ16 PAHs have been decreasing. This trend was generally consis-
tent with the PAHs record in sediment core in the South China Sea (Liu
et al., 2012).

The 16 priority PAHs were categorized into two groups of the low-
molecular-weight (LMW, i.e., PAHs with 2–3 aromatic rings) and high-
molecular-weight (HMW, i.e., PAHs with 4–6 aromatic rings) PAH com-
pounds to explore the changes of PAHs in 2011 and 2019 (Fig. 2c-f). In
2011, the concentrations of LMW and HMW PAHs were both low in the
middle estuary. High concentrations of LMW PAHs were observed in the
area close to Macao while high concentrations of HMW PAHs were found
near Dongguan city (Fig. 2c, e). In 2019, high concentrations of LMW and
HMWPAHs were both observed in the middle and southern parts of the es-
tuary and high concentrations of HMW PAHs were found also at Humen
Outlet and Shenzhen Bao'an International Airport (Fig. 2d, f). The changes
in PAH concentrations, composition and their spatial distributions in 2011
and 2019 indicate that the contamination level and emission source have
significantly changed during the past years.

The compositions of PAH compounds in the PREwere further compared
for 2011 and 2019 in terms of the number of aromatic rings (Fig. 2g-h, S2).
In 2011, 4-ring PAHs dominated all sediment samples with an average frac-
tion of 31.71%, followed by 2-ring (31.66%), 3-ring (21.75%), 5-ring
(8.83%), and 6-ring PAHs (6.05%). In 2019, 4-ring PAHs remained domi-
nant with a higher average fraction of 45.90%, followed by 3-ring
(19.50%), 5-ring (15.68%), 6-ring (11.25%), and 2-ring PAHs (7.67%).
Compared to 2011, the fraction of 2-ring PAHs sharply decreased from
the 2nd highest to the lowest and that of 3-ring PAHs slightly decreased
while 4-ring, 5-ring and 6-ring PAHs largely increased. To sum up, the dom-
inant component in the PAHs shifted from LMW to HMW PAHs in the PRE
during the past years.
4

3.1.2. Pollution level of PAHs in estuaries, bays and coastal areas worldwide
Compared with the reported PAH concentrations in some representa-

tive estuaries, bays and coastal areas (Table 1), and PAH concentrations
in this study were at the medium level.

The average concentrations of Σ16 PAHs in the estuaries of large rivers
of China such as Pearl River, Yangtze River and Yellow River (i.e., the
Bohai Sea mentioned above) are similar (Table 1). The concentrations of
Σ16 PAHs in the estuaries of large rivers were higher than in the continental
shelf regions of marginal seas, polar regions andmarine conservation areas,
probably because these regions are distant/protected from either river out-
lets or intense anthropogenic impacts.Σ16 PAHs in the estuaries of large riv-
ers are also found to be lower than in coastal wetlands and river deltas,
which can be attributed to the PAH absorption and accumulation (largely
transported from inland emission sources or contaminated rivers at shorter
distances) by abundant organic matter and fine sediment in wetlands
(Aiken et al., 2011). However, concentrations of 16 target PAHs were also
higher around Nan'ao Island and Ulsan Bay. Nan'ao Island is one of the larg-
est mariculture bases in South China adjacent to fishing harbors and the
shipping activities have emitted large amounts of the local PAHs (Gu
et al., 2013). As for Ulsan Bay, there is an industrial complex nearby to-
gether with an industrial port (Ulsan Port) and thus receives various terres-
trial pollutants associated with industrial activities and wastewater
discharge (An et al., 2020). Overall, the concentrations of Σ16 PAHs in
global bays, estuaries and coastal areas seemed to follow the order of the
polar regions/marine conservation areas< continental shelf regions ofmar-
ginal seas < estuaries of large rivers < inland deltas/coastal wetlands,
which indicates that the distance from intense anthropogenic impacts
may be a crucial factor for PAH pollution status.

3.2. PAH sources and their response to anthropogenic activities

3.2.1. Source apportionment using the qualitative MDR method
Variation of chemical residues in marine sediments can be used as evi-

dence of environmental changes caused by anthropogenic activities
(Wang et al., 2022). Different composition of PAHs is proven to be the indi-
cator for different origins of PAHs, with LMW PAHs as indicators for
petrogenic origins and HWM PAHs for pyrogenic origins (Yunker et al.,
2002). In 2011, 53.41% of the PAHs in the PRE sediment were LMW
PAHs, indicating that most of the PAHs were petrogenic. However, in
2019, HMW PAHs (72.81%) became dominant, which indicates that the
sources of the PAHs in the PRE have changed from petrogenic to pyrogenic.

The molecular ratios of Flo/(Flo + Pyr) and BaA/(BaA+ Chr) from all
the PRE sediment samples in 2011 and 2019 were analyzed using the MDR
method to qualitatively explore the PAH sources (Fig. 3). In 2011, the ratios
were mainly within the ranges of petroleum and the mixed source of petro-
leum and combustion. Specifically, all the sample ratios of Flo/(Flo + Pyr)
in 2011were lower than 0.4, suggesting the source of petroleum; for the ra-
tios of BaA/(BaA + Chr), 67.86% of the samples were within the range of
0.2–0.35 and 32.14% were lower than 0.2, which indicates the mixed
source of petroleum and combustion. In 2019, the ratios of BaA/(BaA +
Chr) in the PRE ranged from 0.24 to 0.48 and those of 59.3% of all samples
were within the range of 0.2–0.35, indicating a mixed source of petroleum
and combustion. The ratios of Flo/(Flo+ Pyr) ranged from 0.37 to 0.62, of
which 40.74% were between 0.4 and 0.5, indicating a mixed source, and
55.56% of the samples with ratios between 0.5 and 0.6 indicated a combus-
tion source.

Compared to 2011, both ratios of Flo/(Flo + Pyr) and BaA/(BaA +
Chr) increased in 2019, which suggested that the dominant source of
PAHs in the PRE sediment have shifted from petrogenic (petroleum) to
pyrogenic (mixed source of petroleum and combustion).

3.2.2. Quantitative source apportionment using the PMF method
The sedimentary PAH source changed from 3 types for 2011 to 4 types

for 2019 (Table 2). Factor 1-2011 and Factor 4-2019 were both dominated
by HMW PAHs including BaA, BkF, BaP, BghiP, and IcdP, indicating
sources of coal combustion and traffic emission (Yunker et al., 2002;



Fig. 2. Spatial distribution of the total concentrations of 16 priority PAHs (Σ16 PAHs, a, b), low-molecular-weight (LMW, c, d) and high-molecular-weight (HMW, e, f) PAHs in
the Pearl River Estuary and the composition pattern in terms of the number of aromatic rings in the PAH compounds (g, h) in 2011and 2019.
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Table 1
PAH concentrations in sediment from the Pearl River Estuary and other estuaries/bays/coastal areas worldwide.

Study area Sampling time Number of
sampling sites

Number of PAH
compounds measured

Concentration range
(mean ± std)
(ng g−1 dw)

Reference

Pearl River Estuary, China 2019 26 16 20.44–678.66 (200.40 ± 188.86) This study
Pearl River Estuary, China 2011 26 16 159.80–897.49 (437.46 ± 196.82) Yuan et al., 2015
Yazhou Bay of Sanya, China 2020 15 16 13.20–40.37 (31.53) Han et al., 2021
Northern South China Sea, China 2013–2014 16 15 11.30–95.50 (39.70) Cai et al., 2017
Western Arctic Ocean 2010 43 16 36.95–150.21 (70.61) Zhao et al., 2016
Argentine Sea, Northern Patagonian Shelf
(marine conservation area)

2015–2016 27 16 19.47–183.92 (82.92) Oliva et al., 2020

Hainan Island, China 2017 3 16 67.29–196.99 (119.60) Xiang et al., 2018
East China Sea continental shelf, China 2013–2015 53 16 24.73–420.85 (151.68) Zhang et al., 2020
Yangtze River Estuary 2017 29 16 57.5–364.5 (166.20) Zhao et al., 2020
Bohai Sea, China 2016 11 18 25.00–308.00 (184.00) Wang et al., 2020
Yangtze River Estuary 2010 29 16 90.14–502.12 (221.18) Li et al., 2012
Nan'ao Island, China 2011 16 16 265.49–951.27 (515.90) Gu et al., 2013
Yangtze River Delta (near chemical industry parks) 2019 32 19 15.14–5355 (921.00) Jia et al., 2021
Ulsan Bay, South Korea 2017 9 16 35–4000 (1200.00) An et al., 2020
Qinhuangdao coastal wetland, China 2016 23 16 341.61–4703.80 (1367.80) Lin et al., 2018
Coastal site near Bhavnagar, India 2013–2014 24 16 5020–981,180 (34500) Dudhagara et al., 2016
Matsushima Bay coastal area, Japan 2013 13 16 84–15,548 (−) Onozato et al., 2020
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Yang et al., 2013). Factor 2-2011 and Factor 2-2019were heavily weighted
by Nap, representing a source of petroleum pollution like oil spill (Lemieux
et al., 2004). Factor 3-2011 and Factor 1-2019 were dominated by Flu and
Phe, which indicated a source of biomass combustion (Ribeiro et al., 2012).
Factor 3-2019 accounted for 15.16% andwasmainly weighted by BbF indi-
cating a source of petroleum fuel combustion (Duan et al., 2015).

Moreover, quantitative results of the PMF model suggested that respec-
tive contribution of the PAHs source has changed prominently from2011 to
2019. The contribution of the traffic emission, biomass combustion, petro-
leum spill was 34.52%, 25.15% and 40.33%, respectively in 2011, while it
changed to 44.17%, 28.94% and 11.73%, respectively in 2019. The contri-
bution of the traffic emission increased from34.52% to 44.17%, and the pe-
troleum source decreased from 40.33% to 11.73% from 2011 to 2019. The
results of the PMF method indicated that the dominant sedimentary PAHs
source in the PRE changed from petroleum to traffic emission.

3.3. Mass inventories and deposition fluxes of PAHs in the PRE

PAHs are easily adsorbed on the sediment due to the hydrophobicity of
PAH molecules, which makes sedimentary environment an essential factor
for PAH distribution and storage in estuarine environment (Strong et al.,
Fig. 3.Molecular ratios of BaA/(BaA+ Chr) vs. Flo/(Flo + Pyr) in sediment in the
Pearl River Estuary in 2011 and 2019.
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2012; Zhu et al., 2020; Hao et al., 2021). The sediment deposition rate of
the PRE presents a significant spatial difference. The West Shoal presented
higher deposition rate of the whole PRE, which is much higher than the
East Shoal. In addition, deposition rate in inner Lingdingyang region is
higher than outer Lingdingyang region. According to the difference of the
deposition rates, the PRE was divided into 4 subregions (S1, S2, S3, S4)
(Fig. 4), and the average deposition rates were 2.98, 1.58, 1.33 and
1.74 cm yr−1 respectively.
3.3.1. Mass inventories of PAHs in the PRE
To assess the potential risk of sediments as a contamination source to

the estuarine environment, the mass inventories of Σ16 PAHs were esti-
mated using a modified approach proposed by Chen et al. (2006). The
mass inventories of Σ16 PAHs were 79.70 and 38.70 metric tons in 2011
and 2019, respectively (Table S5). According to a previous record, the de-
position rate of the PRE ranged from 1.17 cm yr−1 to 3.01 cm yr−1, there-
fore the mass inventories represented deposits in the past 2 to 4 years.

The inventories of 16 PAHs in 2019 appeared to be 2 times lower than
that in 2011. A previous study showed that mass inventory of 16 PAHs in
the PRE was 50 metric tons in 2012 (Pintado-Herrera et al., 2017).
Table 2
Contribution of various factors (i.e., sources) to different PAH compounds and the
total PAHs for 2011 and 2019.

PAH
compounds
(%)

Main factors-2011 Main factors-2019

Factor
1

Factor
2

Factor
3

Factor
1

Factor
2

Factor
3

Factor
4

Nap 19.41 80.59 0.00 29.13 66.71 4.16 0.00
Acy 0.00 50.91 49.09 48.35 5.40 6.10 40.15
Ace 26.59 30.76 42.65 27.82 7.65 26.16 38.36
Flu 7.45 35.32 57.23 65.33 4.28 11.42 18.97
Phe 17.53 30.89 51.57 62.38 4.77 15.04 17.80
Ant 19.6 30.74 49.66 35.23 6.96 9.02 48.79
Flo 45.81 26.8 27.38 43.10 8.53 13.8 34.58
Pyr 43.01 23.43 33.56 30.04 3.06 13.86 53.03
BaA 74.72 0.00 25.28 17.32 5.79 16.79 60.10
Chr 57.12 19.95 22.93 32.23 6.68 17.21 43.88
BbF 63.21 15.01 21.78 32.78 0.00 66.62 0.60
BkF 62.91 14.02 23.08 23.25 9.24 0.00 67.51
BaP 59.82 13.12 27.05 10.63 10.00 9.61 69.76
IcdP 59.19 31.13 9.67 3.35 9.74 17.87 69.04
DahA 62.64 15.31 22.05 0.00 9.61 45.45 44.94
BghiP 75.27 9.55 15.18 2.09 6.95 9.69 81.27
Total PAHs 34.52 40.33 25.15 28.94 11.73 15.16 44.17

Notes: Values >50 are Highlighted.



Fig. 4. The distribution of the deposition rate in the Pearl River Estuary (reanalysis from reported data in Table S3 and S4).
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Considering the results in this study, the mass inventory of PAHs in the PRE
has decreased during 2012–2019.

3.3.2. Deposition flux of PAHs in the PRE
As an important sink of PAHs, deposition flux of PAHs in estuary and

continental shelf have raised more and more concerns (Qin et al., 2011;
Lin et al., 2013; Wang et al., 2017). Deposition flux was more widely
used as an indication of the contamination capacity of marine sediment be-
cause it was not affected by input sources and the dilution effect of the ter-
rigenous pollutants (Fang et al., 2015; Wang et al., 2020).

In 2011, the PAH deposition fluxes in the PRE ranged from 124.58 to
1316.67 ng cm−2 yr−1, with an average of 418.91 ± 261.02 ng cm−2

yr−1. In 2019, the PAH deposition fluxes in the PRE ranged from 25.90 to
995.63 ng cm−2 yr−1, and averaged 215.52 ± 246.63 ng cm−2 yr−1.
Overall, the PAHs burial capacity has been decreasing and presented
large spatial differentiation (Fig. 5). In 2011, the highest PAH deposition
flux was located near the outlets (Hongqimen, 1316.67 ng cm−2 yr−1;
Fig. 5. Distribution pattern of PAHs depos
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Humen, 770 ng cm−2 yr−1) and the West Shoal (P20, 722.65 ng cm−2

yr−1), and the West Shoal exhibited higher PAHs fluxes than the East
Shoal (Fig. 5a). In 2019, the highest PAHs flux was observed in the middle
of the PRE (995.63 ng cm−2 yr−1), and the average value of PAHs flux for
East Shoal was higher than West Shoal (Fig. 5b).

According to the variation of deposition rate, the PREwas divided into 4
subregions to calculate the respective PAH sink flux (Table S5). The 4 sub-
regions were the West Shoal (S1), the East Shoal (S2), the west section of
the outer Lingdingyang (S3) and the east section of the outer Lingdingyang
(S4), with areas of 477, 977, 503, and 549 km2, respectively (Fig. 4). The
PAH sink flux of each subregion was estimated for 2011 to be 3363.56,
2978.96, 1648.92 and 1708.55 kg yr−1, respectively, and the total PAH
sinkflux in the PREwas 9699.98 kg yr−1. In 2019, the sinkflux of each sub-
region was 1416.65, 1464.12, 654.81, and 1126.72 kg yr−1, respectively,
and the total PAH sink flux of 2019 was 4662.31 kg yr−1. S1 and S2 repre-
sented the inner Lingdingyang region, and S3 and S4 represented the outer
Lingdingyang region. The sink flux of inner Lingdingyang region were
ition fluxes in 2011 (a) and 2019 (b).
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6342.52 kg yr−1 for 2011 and 2880.77 kg yr−1 for 2019, while those of
outer Lingdingyang region is 3357.47 kg yr−1 for 2011 and 1781.53 kg
yr−1 for 2019. To conclude, the PRE presented obvious PAHs retention
effect by surface sediment, the burial efficiency of the inner Lingdingyang
region were about 2 times higher than outer Lingdingyang region in both
2011 and 2019.

Annual deposition fluxes of PAHs were evaluated in regional scale to
compare the burial capacity of different regions (Table S6). In agreement
with themass inventories, the PAHs deposition flux of the PRE has been de-
creasing from 2002 to 2019. Burial capacity of the PRE was lower than
Changjiang Subaqueous Delta mud area (SCDMA), East China Sea and the
Gulf of Lion, but higher than Gulf of Mexico, Gulf of Thailand and Beibu
Gulf. Therefore, sediments of the PRE have served as an important reservoir
of PAHs from the PRD and a potential PAHs source to the global oceans.

3.4. Controlling factors on the fate of PAHs

3.4.1. Anthropogenic impacts
Since PAHs are mainly originated from incomplete combustion of or-

ganic matters and fossil fuels, their compositions are well correlated with
anthropogenic activities. Therefore, PAHs are also useful geochemical
markers for anthropogenic impact. The variations in the PAH concentra-
tion, composition and source in the PRE indicated that the type and compo-
sition of energy sources have changed from 2011 to 2019. To further figure
out the reasons, we analyzed change of the total consumption and compo-
sition of energy sources in Guangdong Province during 2010–2020 (Fig. 6).

Though the total consumption of energy sources has largely in-
creased from 2.2 × 108 tons of Standard Coal Energy (SCE) in 2010 to
3.3 × 108 tons of SCE in 2020, the total percentage of coal and crude
oil in consumed energy sources has declined from 74.2% in 2010 to
58.5% in 2020 and the total percentage of natural gas, primary electric-
ity and other energy has increased from 25.8% in 2010 to 41.6% in
2020. Obviously, the structure of the consumption of energy sources
in the PRD has been upgraded from unsustainable energy from fossil
fuel combustion to renewable and clean energy types, as projected in the
Comprehensive Improvement of Water Environment in the Pearl River
and the South Guangdong Water Purification Action Plan (2013−2020),
which has been implemented by the Guangdong Province government dur-
ing the past decade.

PAH composition and qualitative analysis of MDR showed that the
dominant PAH source in the PRE has shifted from petroleum pollution to
petroleum combustion over the past years, which is consistent with the
transformation of energy structure and implementation of pollution control
policy in the GBA. A previous study reported that in the sediment core,
Fig. 6. Composition of the consumption of energy sourcs in the Guangdong
Province during 2010–2020. Data were obtained from the Guangdong Statistical
Yearbook (2021).
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PAHs originated from vehicles sharply increased since 2000. However, no
similar increasing trends were found in other PAHs (Cai et al., 2017). Sim-
ilarly, vehicular exhaust related PAHs were also reported to increase in
many developing countries (Zhang et al., 2013), where increasing urbani-
zation has resulted in decentralized workplaces and higher dependence
on vehicles (Van Metre et al., 2000). As a result of the transformation
of energy structure and implementation of pollution control policy in
the GBA, the total PAH concentration in the PRE has decreased by
50% over the past years.

3.4.2. Influence of sedimentary environment
In order to figure out the influence of sedimentary environment on the

PAHs in the PRE, the grain size (% sand, % silt, and % clay) and TOC con-
tent (%) were measured for surface sediments collected in 2019 (Fig. S3).
Grain size analysis indicated that the major component in the PRE was
silt (63.33%), followed by clay (30.63%) and sand (6.04%). Clay and silt
were also the dominant sediment types of the surficial sediment collected
in 2007, but the average component was 49% and 46%, respectively
(Zhang et al., 2013). In 2019, the clay content in the surficial sediment
ranged from 8% to 38%, which was substantially lower than in 2007
(30–50%). Therefore, the grain size values of this study showed a coarsen-
ing trend after 2007, which might be a result of the decline of the riverine
inputs sediment in the past 30 years (Zhao et al., 2017). The reduction of
the riverine sediments mostly affected by human perturbations such as de-
forestation and dam construction which corresponded to Economic Reform
and Open Up in China (Li et al., 2022).

Compared to 2011 (0.09%–2.95%, 1.13% ± 0.49%), TOC content of
the surficial sediments was also lower in 2019 (0.09%–1.04%, 0.61% ±
0.28%, Fig. S3a, b). This decreasing trend of TOC in the PRE was also re-
ported in sediment core in the past decade. And the reduction of TOC con-
tent was attributed to human perturbations such as deforestation and dam
construction (Li et al., 2022). In 2019, the TOC contentwas high in themid-
dle part of the estuary and low in the head of the estuary (Fig. S3b), and the
high TOC contents in the southern part of QAI and middle part of QAI and
NLDI can be linked to the local high levels of fine sediment (Fig. S3c). In
addition, fine sediment was also found at the head estuary. Coarse sand
was mainly observed near Shenzhen Bay where TOC contents were low
(Fig. S3). Silt was mainly observed at the southern part of the estuary.

The relationships between concentrations of total PAHs and TOC con-
tents or grain size of sediment in the western and eastern sections of the
PRE were further analyzed to explore the influences of these factors on
the PAH distribution (Tables S7 and S8). The sediment deposition rate in
the West Shoal is higher than in the Middle and East Shoal (Fig. 4), and
thus the PRE was divided into two sections (western and eastern) for
further discussion. In the western section of the PRE, the TOC content
showed a strong negative correlation relationship with the sand content
(r = −0.777, p < 0.01, n = 12), and significant positive correlation rela-
tionships with both the silt (r=0.717, p < 0.01, n= 12) and clay contents
(r = 0.787, p < 0.01, n = 12). The correlation analysis results demon-
strated that PAH distribution in the western section of the PRE was consis-
tent with the finer silt, clay, and TOC content, which is in good agreement
with the results reported by Hao et al. (2021) in the Eastern ChinaMarginal
Seas. However, in the eastern section of the PRE, opposite correlationswere
found between Σ16 PAH concentrations and sand, silt, and clay contents
(Table S8), which can be attributed to the difference in the sedimentary re-
gimes between these two sections. Besides, the sedimentary environment in
the eastern section of the PRE is disturbed by more intensive human activ-
ities, such as channel dredging and sand mining, which lead to the hetero-
geneous nature of sediments in the eastern section (Wei et al., 2021), thus
further influencing the PAH distribution in the surface sediment.

The trapped sediment in the PRE has become more and more coarsen-
ing in recent decades, which implies a change in sedimentary environment
of the estuary. The coarsening trend was in consistent with the decline in
the TOC content in 2011 and 2019, for TOC easily absorbed on fine parti-
cles. The variation in sedimentary properties and environment caused by
human perturbations strongly influenced the distribution and burial of
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sediment-associated materials such as PAHs and organic carbon (Wang
et al., 2022).

4. Conclusions

A comprehensive investigation on PAHs distribution, source varia-
tion, mass inventories and deposition flux were conducted in 2011
and 2019, respectively, to elucidate the controlling factors on PAHs in
the PRE.

We found the average concentration of Σ16 PAHs has decreased by 50%
compared to 2011, and the dominant components changed from LMW
PAHs toHMWPAHs. The high PAH concentrations was linkedwith anthro-
pogenic impacts; The dominant PAHs source have shifted from petroleum
to traffic emission, which indicated that the transformation of the energy
structure and the effectiveness of regulation of reducing PAH inputs in
the past years; The averaged PAHs deposition fluxes of 2019 in the
PRE was 215.52 ± 246.63 ng cm−2 yr−1, and about 203.39 ng cm−2

yr−1 lower than 2011. Moreover, the PRE sediment presented prominent
PAHs retention effect, and the burial efficiency of the inner Lingdingyang
region were about 2 times higher than outer Lingdingyang region in both
surveys.

The variation in sedimentary properties and environment inevitably
influenced the distribution and burial fate of sediment-associated PAHs.
Although the foreseen rapid economic development in the GBA together
with the global climate change might enhance PAHs concentration,
the anticipated countermeasures against environmental pollution com-
plicate the problem and it remains unclear how the PAHs in the PRE
will change in future, which calls for a continuous monitoring.
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